Introduction
Evaluation of cardiac function is increasingly used for the characterization and understanding of fetal diseases. Fetal cardiac function assessment is technically challenging, and the development of reproducible methods is critical to allow comparability among studies. Longitudinal annular displacement (LAD) is the most commonly used parameter, because it is an easy and reproducible method to measure myocardial motion [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . LAD is normally evaluated by online motion mode (M-mode) at the free ventricular walls and the interventricular septum. However, online M-mode has a few disadvantages. A main limitation of M-mode is the difficulty of obtaining a perfect alignment of the M-mode line with the ventricular walls at an angle close to 0 , particularly in the left free wall.
This might introduce some bias in the detection of mild changes in ventricular motion, both in prenatal and postnatal evaluations. In addition, obtaining a perfect 4-chamber view, i.e with similarly sized left/right chambers and atrioventricular valves, for measuring LAD in the optimal position is often challenging. Spatiotemporal image correlation (STIC) provides an offline method for four-dimensional (4 D) analysis of the fetal heart, which was first demonstrated by Messing et al [6, [11] [12] [13] . STIC is also dependent on the position of the fetal heart, however, it seems to have some advantages over online M-mode. STIC allows placing the M-mode arrow in any preferred position to measure LAD and it can also to rotate the volume for obtaining an optimal four-chamber view. In this study, we hypothesized that LAD measured with STIC could be a better method to detect differences in fetal diseases as compared to online M-mode. To test this hypothesis, we used fetal growth restriction (FGR) as disease model. In FGR, the heart is a central organ in the adaptive mechanisms to placental insufficiency [14, 15] displaying profound structural and functional changes prenatally [16] , which persist into childhood [17, 18] . Briefly, FGR is associated with cardiac remodeling to more globular hearts, with impaired relaxation and decreased longitudinal myocardial motion as measured by online M-mode [19, 20] . Our first aim was to perform a prospective study to compare LAD measures using online conventional M-mode versus offline STIC M-mode in 40 FGR cases and 72 normally grown fetuses. Our second aim was to compare LAD measures of FGR cases with controls.
Methods

Study design and population
The study design was a prospective cohort study including 40 case subjects with FGR and 72 control subjects. The source population consisted of women with a singleton pregnancy attending the Department of Maternal-Fetal Medicine at Hospital Clinic in Barcelona from January 2013 to October 2014. Cases and controls were included in consecutive order. FGR was defined by both estimated fetal weight (EFW) below the 10th centile and birth weight below the 10th centile, according to local standards [21] . Clinical follow-up of FGR cases followed the stage-based protocol for managing FGR [22] . Controls were selected among low-risk pregnancies with EFW and birth weight above the 10th centile and paired with cases by gestational age at scan (±1 week). Gestational age at scan was calculated based on the crown-rump length obtained at first trimester scan. Structural/chromosomal abnormalities or cases with evidence of fetal infection were excluded. The local ethics committee approved the study protocol and all patients provided informed consent.
All women underwent ultrasound examination using a Voluson E8 (GE Medical Systems, Milwaukee, WI) that included estimation of fetal weight and standard feto-placental Doppler evaluation in cases. At delivery, gestational age, birth weight, birth weight centile, mode of delivery, Apgar scores, presence of preeclampsia and admission to the neonatal intensive care unit were recorded.
Assessment of longitudinal annular displacement
LAD was assessed in all cases and controls with both the methods (online and offline STIC) from either an apical or basal four-chamber view. For the online M-mode, insonation by the ultrasound beam was kept at an angle of <10 degrees to the orientation of the ventricular wall, with no angle correction applied. For measuring the extent of displacement between end-systole and end-diastole (as measured in mm), the maximum amplitude of motion was taken at the free wall of the left ventricle (mitral), right ventricle (tricuspid), and interventricular septum. Two well-trained operators performed the online measurements.
STIC volumes were acquired in all fetuses at the same time as the online M-mode measurement as previously described [11] . The acquisition time and angle used were 10 s, and 25 to 35 degrees, respectively, depending on the gestational age and the distance of the fetus from the transducer, preferably in an apical four-chamber view, avoiding maternal and fetal movements. STIC M-mode analysis was blindly performed by one experienced investigator. Offline, the operator adjusted the STIC volume by scrolling through the volume slices and adjusting X-, Y-, Z-axis, and contrast. LAD was measured in the same way as online, except for the angle of insonation. Due to the possibility of placing the M-mode arrow as preferred, the insonation angle was always parallel to the interventricular septum or the lateral walls [6] . In order to optimize the measuring conditions, the speed was adjusted to see three to five cardiac cycles and the Y-axis was maximized. On the thus obtained M-mode images, the maximum distance of the resulting waveform was measured (Figure 1 ). In the four-chamber view, we also measured cardiac size as cardiac long axis from apex to base.
Statistical analysis
Data were analyzed using IBM SPSS Statistics 19 (IBM Corporation, Armonk, NY). Sample size was calculated to enable us to observe a difference of 0.5 mm in LAD between FGR and controls, with 80% power, group A mean 7.2, group B mean 6.7, SD 1.1, two-sided, alpha 5% and power 80%. This leads to a minimum of 38 cases per study group. Comparison between study groups was performed by Student T test for independent samples and the Fisher's exact test where appropriate. The two methods of measurements were compared by Bland-Altman plot and Pearson's correlation. p < .05 was considered as statistically significant. In order to adjust for cardiac size, a subanalysis including 40 FGR cases and 40 controls paired by cardiac long axis dimension was also performed (Supplemental data).
Results
Study populations
Characteristics of the study populations are shown in Table 1 . Baseline characteristics were similar in cases and controls regarding maternal data, gestational age at ultrasound, gender, umbilical artery and vein pH, and preeclampsia and cesarean section rate. As expected, FGR cases showed a lower estimated fetal weight, birth weight, birth weight centile, gestational age at birth, and Apgar score. In FGR cases, 27% had abnormal Doppler PI values (above 95th centile) of the mean uterine artery, 7% abnormal umbilical artery, 2% abnormal (below 5th centile) middle cerebral artery, 2% abnormal ductus venosus, 2% abnormal aortic isthmus. Gestational age range at ultrasound was 25.0-40.2 with a mean of 32.9 weeks.
Results on longitudinal annular displacement
Results on left, right, and septal LAD by online and STIC M-mode are shown in Figure 2 (and Table 1s supplemental data). Our first aim was to compare online and STIC M-mode. There was a non-significant trend for lower online M-mode LAD values in FGR as compared to controls. When paired by cardiac long axis dimension, we found a significant decrease in left LAD values by STIC and a non-significant trend to lower values in all the other LAD measurements (Table 2s  Supplemental 
Discussion
This study indicates that STIC M-mode might be an alternative for online M-mode for detecting subtle changes in myocardial motion. The advantage of STIC is that it allows an ideal placement of the M-mode arrow.
On the other hand, the advantage of online M-mode is its quick applicability. Altogether, STIC may improve conventional online M-mode in the detection of subtle differences in cardiac dysfunction. It further confirms previous data suggesting decreased LAD in FGR cases. In this study, we assessed LAD with both online M-mode and STIC M-mode. Conventional online M-mode showed no significant differences between FGR and controls, whereas with STIC M-mode left, right, and septal LAD was significantly lower in the FGR group. Online M-mode offers the possibility of measuring LAD quickly during the ultrasound assessment. However, due to fetal movement and position, the sonographer may often have difficulties with obtaining well-aligned images to measure LAD at an insonation angle of zero degrees. Therefore, the displacement may not be measured at its maximum and with higher variability so that differences between FGR and controls appear less prominent, even with the insonation angle kept <30
. This disadvantage is minimized when LAD is measured using STIC. The offline software provides the possibility to place the M-mode cursor at any preferred position, always providing an insonation angle of zero degrees and therefore a more precise measure of LAD. This is in line with previous findings. Germanakis et al. demonstrated higher LAD values in anatomic M-mode when compared to online M-mode in healthy fetuses, suggesting this is due to the more easily achieved offline alignment of the M-mode cursor [3] . Therefore, if anatomic M-mode is present on a modern ultrasound machine, it can improve online measurements due to its possibility to adjust the M-mode angle. Messing et al. studied right LAD in healthy fetuses with STIC and online M-mode, and showed that both methods produce similar measures but STIC had a greater success rate [6] . In addition, Messing et al. found high interobserver correlations for both STIC and conventional M-mode in measuring right LAD [6] . Nevertheless, the disadvantage of STIC M-mode lies in the time it takes to do the offline analysis as well as a potentially lower temporal resolution. In conclusion, differences observed in our study suggest that STIC could be considered as an alternative for online M-mode in detecting subtle cardiac dysfunction. This might be due to the expected higher technical accuracy of STIC. STIC could, therefore, be helpful in monitoring fetuses with subtle cardiac dysfunction. Further studies are required to confirm our findings and determine the role of this technique in assessing fetal cardiac function. We could demonstrate a significant reduction of LAD in the left, right, and septal wall in FGR cases, which is consistent with previous data suggesting decreased longitudinal motion in severe early growthrestricted fetuses [19] . We have previously demonstrated significant lower LAD measured with online M-mode in severe IUGR cases born before a gestational age of 34 weeks, thus being early-onset and with an abnormal umbilical artery Doppler pulsatility index [19] . Therefore, that population contained more severe FGR cases as compared to the present study (including mainly late-onset cases with normal fetoplacental Doppler). These group differences may explain the non-significant trend in online M-mode in the present study. The present study is the first report demonstrating significant changes in LAD in nonsevere FGR by using STIC M-mode. Since both displacement and velocity relate to longitudinal motion, our findings are complementary with previous studies demonstrating lower E 0 and A 0 annular peak velocities by tissue Doppler in late-onset small-for-gestational age fetuses as compared to the controls [19, 23, 24] . We acknowledge that this study has several strengths and limitations. We took great care in data acquisition; online M-mode and 4 D STIC loop acquisition took place in direct consecutive order. One experienced investigator performed STIC M-mode offline analysis, blinded for cases or controls. Therefore, unfortunately, we could not assess inter-observer variability. In addition, we did not perform intra-observer variability, since this was well established in previous literature. Another limitation is that our sample size prevents us to subdivide FGR cases according to Doppler findings. The limited sample size may partially explain the non-significant trend in the online M-mode results. Our study population was paired by gestational age at scan in order to adjust for maturational changes throughout gestation in cardiac function parameters. However, we acknowledge that longitudinal axis motion is also strongly related to cardiac size. In order to adjust for that, a sub analysis including cases and controls paired by cardiac size was also performed (Supplemental data), which lead to similar conclusions; a significant decrease in left LAD values by STIC and also a non-significant trend to lower values in all the other LAD measurements. Future studies are warranted to confirm our results and further validate the use of STIC M mode in the detection of early changes in cardiac function.
Conclusions
These data support the hypothesis that STIC could be helpful to monitor fetal cardiac condition in utero and it may improve conventional online M-mode in the detection of subtle differences in cardiac dysfunction. Reduced right LAD has been proposed as a predictive marker for postnatal hypertension and arterial remodeling in FGR [25] . We speculate that measuring LAD might be of use for the prenatal detection of those FGR cases at higher cardiovascular risk and that might benefit from postnatal interventions in order to potentially improve their future cardiovascular health.
